Ni-MgO nano-composites were prepared on carbon anodes by electrodeposition from a nickel Watts bath in the presence of fine MgO reinforcement particles. Their performance as electrocatalysts for the oxidation of methanol and ethanol in alkaline medium was investigated and compared with that of carbon coated pure Ni (Ni/C). The chemical composition, phase structure, and surface morphology of the deposited nano-composites were studied by energy dispersive X-ray spectroscopy, X-ray diffractometry, and scanning electron microscopy, respectively. Different electrochemical techniques were used to estimate the catalytic activity of the prepared electrocatalyst anodes, including cyclic voltammetry (CV), chronoamperometry, and electrochemical impedance spectroscopy (EIS). The Ni/C electrocatalyst alone exhibited remarkably low catalytic activity and poor stability toward the electrooxidation process. The inclusion of MgO significantly promoted the catalytic activity of the Ni catalyst for the alcohol electrooxidation and enhanced its poisoning resistance. The EIS results confirmed those of CV and revealed a lower charge transfer resistance and enhanced roughness for the Ni-MgO/C nano-composite electrodes compared with those of Ni/C.
Introduction
Research on direct alcohol fuel cells (DAFCs) has gained momentum because they are considered to be promising power sources for many applications such as portable electronic devices and electric vehicles [1, 2] . However, the commercialization of fuel cells is still suffering many problems, particularly for those using acid media, owing to kinetic restriction of the methanol oxidation reaction (MOR) and the high catalyst cost that prevents the use of Pt at a commercial level [3] .
However, the efficiency of the methanol or ethanol electrooxidation reaction in alkaline electrolyte is clearly better than that in acidic electrolyte, and there is a wider choice of catalysts that are operable in alkaline electrolytes [4, 5] . Taking these limitations into consideration, it has become necessary to move toward optimization of alternative electroactive catalysts for the oxidation process. The limited choice of efficient, highly active, available, and cheap anode catalysts for DAFCs is still a great challenge for energy conversion systems [6] . Considerable efforts have been devoted to the fabrication of high performance Ni-based catalysts for the electrooxidation of methanol and ethanol in alkaline media [7] [8] [9] [10] [11] [12] [13] . Ni is a relatively low cost material and is produced in large amounts; moreover, it displays potential catalytic properties in a wide number of processes such as energy conversion in alkaline fuel cells [14, 15] . The electrocatalytic properties of Ni in alkaline media depend on the formation of nickel hydroxide (Ni(OH)2) and oxyhydroxide (NiOOH) species under anodic polarization [16] .
Recently, metal oxide composites have attracted significant attention as electrocatalysts owing to their low cost, easy preparation methods, and excellent catalytic activity [17] . Ni-metal oxide composite films have been reported to be much superior to pure Ni films in respect to the electrocatalysis of methanol and ethanol oxidation [6, 7, 18] . Composite electroplating is one of the various techniques that have been used to prepare efficient Ni composites. This method involves the co-deposition of fine particles such as ZnO, TiO2, Al2O3, or Cr2O3 into a plated layer under the effect of an electric field [6, 7, [19] [20] [21] [22] [23] . The rate of fine particle inclusion depends on the size, shape, and charge of the particles. It also depends on the plating conditions, such as current density, temperature, pH, and time. In our previous work [6, 23] , we have successfully demonstrated the possibility of fabricating Ni-metal oxide nanoparticles on carbon electrodes using electrodeposition or electroless techniques.
The enhancement effect of the incorporation of reinforcement particles such as metal oxides on the catalytic activities of metal catalysts has been demonstrated in the literature. It has been found that incorporating oxide particles results in a low overvoltage for alcohol oxidation, and they act as effective anode materials [23] . TiO2 or Cr2O3 deposited with Ni as a nanocomposite improves the electrocatalytic activity and stability of the Ni in electrooxidation processes [6, 7, 23] . The use of CeO2, Co3O4, or Mn3O4 can remarkably enhance the catalytic activity and reduce the usage of precious metal catalysts [24] . Adding Co3O4 nanoparticles to multiwalled carbon nanotubes (MWCNTs) enhances the surface area of the modified electrode and the electron transfer rate for hydrogen peroxide detection [25] . Ni-V2O5 exhibits high electrocatalytic activity toward dopamine (DA) oxidation owing to the promotion of the electroactive V 5+ /V 4+ redox reaction by Ni 2+ [26] . Pt-CoO electrode has shown electrocatalytic activity toward the mediated electrooxidation of ascorbic acid, glucose, and methanol [27] . The addition of NiO to Pt/C or Pd/C improved the catalytic activity and poisoning resistance of the electrodes toward methanol electrooxidation [28] . Additionally, Ni-modified MgO is significantly active for the electrooxidation of methanol [29] . Finally, MgO increases the anti-poisoning ability of the catalyst and improves the kinetic processes [30] .
Several different strategies have been attempted in the literature to improve the catalytic activities of Ni-based catalysts, including the use of Ni-metal oxide composites. However, the role of such metal oxides in enhancing the catalytic activities of Ni catalysts toward the electrooxidation of methanol or ethanol has not studied yet and needs further investigation. The purpose of the present work was to synthesize and study the performance of Ni-MgO composites supported on carbon as potential electrocatalysts for fuel cells. Ni-MgO composites were prepared using a facile electrodeposition route. The role of MgO in enhancing the catalytic activity, anti-poisoning ability, and stability of the Ni catalyst during the electrocatalytic oxidation of methanol and ethanol in alkaline environment was elucidated through surface investigation and electrochemical techniques.
Experimental

Pretreatment and preparation of the electrode
Carbon substrates were mechanically polished using emery papers of different grades up to 1000, and subsequently degreased with acetone, rinsed with triply distilled water, and dried with soft tissue paper. The apparent surface area of the substrates was calculated from the geometric area and the current density referred to below. A Nickel Watts bath was used to deposit Ni or Ni-MgO composite film on the carbon substrates using a galvanostatic technique. The composition of the deposition bath and the operating conditions are given in Table 1 . Pure Ni metal and carbon electrodes were used as the anode and cathode, respectively. Prior to the co-deposition, MgO particles having an average particle size of ~8 μm were stirred in the plating solution for about 2 h using a magnetic stirrer at 150 r/min to obtain a uniform suspension and prevent agglomeration of the MgO. During the co-deposition process, the bath also was stirred with a magnetic stirrer (150 r/min) to keep the particles dispersed and prevent their sedimentation in the electrolyte. Various composite electrodes were prepared at different deposition current densities. After the preparation of the modified carbon electrodes, no further pretreatment of the electrode was carried out to avoid any changes to the electrode surface.
Electrochemical measurements
A conventional three-electrode glass cell was used for electrochemical studies. The reference electrode was Hg/HgO/1.0 mol/L NaOH (MMO) (E0 = 0.140 V vs NHE), and a Pt sheet was used as a counter electrode. Measurements were carried out at room temperature (30 ± 1 °C) in 1.0 mol/L NaOH solution. Ethanol and methanol were used as received without further purification. All the reagents used in this work were Sigma-Aldrich products of analytical grade and were used without further purifications. Triply distilled water was used throughout for the preparation of solutions.
The electrochemical measurements were performed using cyclic voltammetry (CV) and chronoamperometry techniques using an IviumStat instrument (Ivium Technologies, Eindhoven, the Netherlands). The IviumSoft software was used to control the instrument through a personal computer (PC). The PC was used to specify the parameters of the measurement, display the measured curves, and calculate the results of the measurements. Electrochemical impedance spectroscopy (EIS) was carried out using a Zahner Elektrik IM6 electrochemical workstation. The peak to peak amplitude of the superimposed AC-signal was 10 mV. The impedance, Z, and the phase shift of the electrochemical system were directly measured in the frequency range from 0.1 to 10 4 Hz. To ensure reproducibility, each experiment was carried out at least three times. The details of the experimental procedures and preparation have been described elsewhere [31] . Before the deposition process, the zeta potential of the MgO particles was measured using a laser zeta meter (Zetasizer 2000, Malvern Instruments, UK). A powdered sample of the MgO (about 0.02 g) was placed into 50 mL of Nickel Watts electroplating solution at pH = 5 and the sample was stirred for 60 min, after which the zeta potential was measured.
Surface analysis
A JEOL JSM-5410 scanning electron microscope (SEM) equipped with an energy dispersive X-ray system (EDX) was used to investigate the surface morphology and elemental composition of the deposits, respectively. The phase structure and the particle size of the deposited films were characterized by X-ray diffraction (XRD) analysis using a PANalytical X pert PRO with Cu Kα1 radiation of 0.15046 nm wavelength and operated at 45 kV and 40 mA. The scanning step size, rate, and range were 0.02°, 0.05°/s, and 10°-100°, respectively.
Results and discussion
Electrodeposition and surface characterization
Different Ni-MgO/C electrodes were prepared by electrodeposition at deposition current densities of 10, 20, 40, and 80 mA/cm 2 in the presence of a fixed amount of MgO particles (10 g/L) in the plating electrolyte. All other deposition parameters were kept constant. For comparison, a Ni/C electrode was also prepared under the same conditions, but without the MgO particles in the plating electrolyte. The effect of the current density of the deposition on the amount of MgO incorporated into the composite layer was investigated, and the results are presented in Figs. 1 and 2 . Fig. 1 shows the results of the EDX analysis of Ni/C and Ni-MgO/C electrodes prepared at 10 mA/cm 2 in the absence and presence of MgO particles in the plating solution. Characteristic peaks for Ni, O, and Mg were observed in the EDX spectrum of the Ni-MgO/C electrode, but only peaks for Ni were observed for the Ni/C electrode. The wt% of MgO in the deposited layer was found to increase with the current density of the deposition process (Fig. 2) , up to 12 wt% at a deposition current density of 40 mA/cm 2 . Increasing the deposition current density accelerated the electrophoretic velocity of the MgO particles and increased the Coulombic force between Ni 2+ adsorbed on MgO particles and the cathode surface, resulting in an increased MgO content in the Ni deposit [32] . However, at a relatively high deposition current density of 80 mA/cm 2 , the amount of MgO particles in the deposit slightly decreased and the efficiency of the deposition process declined. This may have been caused by vigorous hydrogen evolution competing with the deposition process [33] . Moreover, at a relatively high current density, the rate of charge transfer is relatively high, so the reduction process is controlled by mass transfer. Accordingly, the deposition rate of the Ni-MgO composite gradually decreased owing to the depletion of the metal cations in the vicinity of the cathode surface. The co-deposition process can be explained based on the adsorption of metal ions onto fine particles [34, 35] . Solid particles in an electrolyte are electrolytically charged by the adsorption of ions on their surfaces. The sign and magnitude of the electrolytic charge is known as the zeta potential and depends on the pH of the solution [36] . The mechanism of the electrodeposition of the solid particles in this work can be suggested as the adsorption of positively charged Ni 2+ in the electrolyte onto the negatively charged solid particles, which then migrated to the cathode. At the cathode, the metal ions were reduced to Ni to form coatings, with the entrapped solid particles occupying a place in the metal matrix. In this work, the zeta potential of the MgO particles had a negative value of −16.8 mV at the operating pH of 5. The negative zeta potential prevented the MgO particles from agglomerating in the electrolyte solution during the deposition process and aided the adsorption of Ni 2+ ions on the MgO surface. Under the effect of the mechanical stirring, MgO particles with adsorbed Ni 2+ were transported to the cathode surface, where the Ni 2+ discharged into Ni and the MgO was trapped in the deposited metal. Furthermore, the rate of metal discharge as well as the incorporation of the fine particles into the metal matrix depends on the current density [32] . In this work, the rate of the co-deposition process was found to generally increase with the current density, and the optimum deposition current density was 40 mA/cm 2 .
The surface morphology of the Ni/C and Ni-MgO/C samples was investigated by SEM (Fig. 3) . It shows typical SEM micrographs of the electrodeposited Ni/C electrodes ( Fig. 3(a) , (c), and (e)), which revealed a regular pyramidal structure of Ni crystallites for all samples. Notably, the particle size of the Ni decreased as the deposition current density was increased. In contrast, the co-deposition of MgO particles in the metal deposit induced changes in the structure of the nickel matrix. The SEM images of the Ni-MgO/C composite electrodes ( Fig. 3(b) , (d), and (f)) indicated that the morphology of the Ni particles changed to an oval rod-like structure homogenously distributed on the electrode surface. Notably, a good dispersion of Ni particles on the carbon substrate was observed for the composite electrodes. The presence of MgO particles in the deposit was found to reduce the size of the Ni grains, owing to the distribution of MgO particles on the boundaries of Ni grains, which limited the growth of the Ni grains during the deposition process and resulted in refinement of the surface. A decrease in the grain size of the deposits was achieved by increasing the deposition current density. This behavior is attributed to the faster transport of metallic ions to the cathode by diffusion than by mechanical agitation [37] . In general, a high deposition current density promotes grain refinement [38] [39] [40] . However, a few cracks were observed in the micrograph of the Ni-MgO/C composite prepared at 80 mA/cm 2 ; this could have been caused by the hydrogen evolution reaction at such a high deposition current density. At the same time, the increase in the deposition current density resulted in a higher overpotential that increased the deposition rate [41] .
Phase analysis of the pure Ni and Ni-MgO composite coatings was performed by XRD, as shown in Fig. 4 . The pattern of the pure Ni layer showed three diffraction peaks, at 44.5°, 51.8°, and 76.3°, which corresponded to the (111), (200), and (220) planes of crystalline Ni metal, respectively, according to the standard crystallographic pattern of Ni (JCPDS 40-0850). The same diffraction peaks were observed for Ni-MgO, but with lower intensities. The Ni(111), (200), and (220) peaks were used to calculate the particle size of the Ni deposits according to Scherrer's equation [42] . The average Ni particle size decreased with increasing deposition current density, as shown in Table 2 . Notably, the particle size of the Ni in the composite coating was smaller than that of the pure Ni coating at all studied deposition current densities. The results show that the addition of MgO favors the forming of small Ni grains.
The fabricated composites were expected to be advantageous for use as electrocatalysts for electrooxidation processes owing to their smaller Ni grain size, which may result in large surface area. Generally, a better catalytic efficiency is achieved as the size of the catalyst particles is reduced. So, the Ni-MgO composite was expected to be a more active electrocatalyst than pure Ni/C. Table 2 The particle size of Ni/C and Ni−MgO/C composite coatings prepared at different deposition current densities in the absence and presence of 10 g/L MgO in the plating solution on carbon electrodes. 
Electrocatalytic activity of synthesized electrodes
The electrocatalytic performance of the fabricated Ni-MgO/C electrodes prepared at different deposition current densities was investigated by cyclic voltammetry in 1.0 mol/L NaOH solution in the absence and presence of 1.0 mol/L methanol and in 1.0 mol/L ethanol, and compared with the catalytic activity of Ni/C electrodes prepared under the same experimental conditions. Fig. 5(a) shows the cyclic voltammograms recorded for the Ni/C electrodes in 1.0 mol/L NaOH at 50 mV/s in the potential range of −0.5 to +1.2 V (MMO). A pair of well defined redox peaks was observed at about +0.5 V (MMO) (anodic peak) and +0.35 V (MMO) (cathodic peak), which was attributed to the formation of the Ni(OH)2/NiOOH pair [16, 43, 44] . Interestingly, the anodic peak was slightly shifted toward a more positive potential and the cathodic peak was slightly shifted toward a less positive potential as the deposition current density was increased. Also, the current density of these redox peaks increased with the deposition current density of electrode up to 40 mA/cm 2 , and then slightly declined at 80 mA/cm 2 . In the anodic part, the oxidation of nickel hydroxide generated NiOOH, which is the most important species required for alcohol oxidation [45] .
Upon adding 1.0 mol/L methanol to the blank electrolyte, the onset potential for methanol oxidation was found to be consistent with the potential corresponding to Ni(III) species formation. The current density of the methanol oxidation peak increased with the deposition current density for all of the prepared electrodes, reaching a maximum current density value of 65 mA/cm 2 at +0.74 V (MMO) for the electrodes prepared at 40 mA/cm 2 ( Fig. 5(b) ). The current density of the oxidation peak observed in the case 1.0 mol/L ethanol also increased with the current density of the deposition, and again the highest was that for the electrode prepared at 40 mA/cm 2 , a value of about 60 mA/cm 2 at about +0.6 V (MMO). The oxidation process began at the potential where the Ni (III) species was formed, as shown by the cyclic voltammogram in Fig. 5(c) .
To examine the influence of the introduction of MgO particles on the electrochemical features of the Ni composite electrode, cyclic voltammograms were recorded for the Ni-MgO/C electrode in the absence and presence of alcohol and compared with those for Ni/C electrodes. The results obtained for the different Ni-MgO/C composite electrodes showed the appearance of similar electrochemical features with MgO particles introduction, but different catalytic activities. The Ni-MgO/C electrodes showed a relatively high catalytic activity in 1.0 mol/L NaOH compared with that of the Ni/C electrodes. Fig.  6(a) represents the cyclic voltammetric response of the composite electrodes in 1.0 mol/L NaOH at a scan rate of 50 mV/s in the potential range from −0.5 to +1.2 V (MMO). Also, the electrooxidation of 1.0 mol/L methanol and 1.0 mol/L ethanol in 1.0 mol/L NaOH at a scan rate of 50 mV/s at the Ni-MgO/C electrodes is represented in Fig. 6(b) and (c), respectively. It is clear from the blank cyclic voltammograms (Fig. 6(a) ) that in 1.0 mol/L NaOH the Ni-MgO/C electrodes showed similar behavior to those of the Ni/C electrodes, but with higher oxidation current densities of the Ni redox species. Therefore, the presence of MgO in the Ni matrix enhanced the formation of the Ni(II)/Ni(III) redox couple, resulting in the large enhancement in methanol and ethanol oxidation obtained at these electrodes. For the Ni-MgO/C electrode prepared at 40 mA/cm 2 , the oxidation peak current density was about 196 mA/cm 2 for methanol and 179 mA/cm 2 for ethanol. The oxidation process began at +0.5 V (MMO) and reached a peak potential of +1.062 V (MMO) for methanol and +0.977 V (MMO) for ethanol. Thus, the alcohol oxidation current density clearly increased in the presence of MgO (Table 3) .
The role of the MgO particles in improving the catalytic activity of Ni is ascribed to their improved geometrical properties, namely, their ability to increase the real surface area of the Ni by decreasing its grain size, which consequently increased the number of active sites and the catalytic activity of the Ni. Hence, its role is similar to that of TiO2 as reported in our previous work [6] . The magnitude of the enhancement compared with the activity of Ni/C, however, was on the order of 3 times when 12 wt% of MgO was included in the composite. It is most significant that the currents obtained with the Ni-MgO/C anode were higher, likely caused by an increase in the electroactive area of the anode owing to the smaller and more well-dispersed Ni particles in the composite compared with those of the Ni/C electrode, as reported elsewhere [46] . This led to the formation of a large amount of NiOOH active sites, which are required for alcohol oxidation. The results of the electrooxidation of methanol and ethanol at the different prepared electrode catalysts are represented in Table 3 . Another explanation for the role of MgO in enhancing the electrocatalytic activity of Ni could be the formation of Mg(OH)2 from MgO in the presence of water at a relatively high anodic potential. A metastable MgO2 species may have been formed from these species according to the Pourbaix diagram of Mg [47] , and this would have aided in the oxidation of the alcohol. The order of the methanol oxidation reaction on Ni/C and Ni-MgO/C prepared at 40 mA/cm 2 was determined by plotting the logarithmic relationship between the current density of the forward peaks and methanol concentration, as shown in Fig. 7 . The rate of the methanol oxidation reaction is related to the methanol concentration according to the following equation: Ip = kC n (1) logIp = logk + nlogC (2) where Ip is the peak current density, k is the reaction rate constant, C is the methanol concentration, and n is the reaction order. Straight lines were obtained with slope values of 0.65 and 0.71 for the Ni/C and Ni-MgO/C electrodes, respectively. We point out that the presence of MgO did not significantly affect the order of the methanol oxidation reaction at the surface of the different electrocatalysts.
Additionally, MgO possesses a good anti-poisoning ability, which was another factor that improved the efficiency of the oxidation process compared with that of Ni/C. The anti-poisoning ability of the catalyst may have been enhanced by the large amount of active sites for methanol or ethanol oxidation. The stability of the prepared samples was estimated using chronoamperometry. The Ni-MgO/C composite electrodes showed an improved performance toward the electrooxidation process with time compared with the Ni/C catalyst. To estimate the stabilities of the various prepared electrodes toward the electrooxidation of methanol and ethanol, the results of chronoamperometric experiments on the Ni/C and Ni-MgO/C composite electrodes prepared at 40 mA/cm 2 are presented in Fig.  8 . The test was carried out by holding the potential at +0.8 V (MMO) in 1.0 mol/L methanol and in 1.0 mol/L ethanol in the presence of 1.0 mol/L NaOH for about 900 s. From Fig. 8 , it is The logarithmic relation between methanol concentration and the oxidation peak current density of MeOH at Ni/C and Ni−MgO/C electrodes.
Table 3
The oxidation peak current density values, peak potentials for methanol and ethanol electrooxidation at Ni/C and Ni−MgO/C electrodes. clear that the stability of the composite Ni-MgO/C electrode in the electrooxidation process was much higher than that of the Ni/C electrode. The Ni-MgO/C electrode delivered a high steady state oxidation current density and better stability than the Ni/C electrode owing to the promoting effect and anti-poisoning ability of the MgO. This conclusion is consistent with the report by Liu et al. [24, 30] . Although adding MgO enhanced the anti-poisoning stability of the Ni catalyst, the reaction mechanism did not change. In general, the decrease in the current density of methanol or ethanol oxidation at Ni-based electrodes with time has been attributed to a loss in activity of the nickel oxide [48, 49] . The passive oxide γ-NiOOH may be formed under long polarization, blocking some of the electrode activity owing to its poor conducting behavior. Therefore, the presence of MgO in the Ni catalyst may have suppressed the formation of γ-NiOOH and enhanced β-NiOOH formation, which would have increased the catalytic activity and stability.
EIS results
EIS measurements were performed to further study the electrocatalytic performance of the synthesized Ni-MgO/C electrodes prepared at different deposition current densities in 1.0 mol/L NaOH solution in the absence and presence of 1.0 mol/L methanol and 1.0 mol/L ethanol. The results were compared with those obtained for Ni/C electrodes prepared under the same experimental conditions. Fig. 9(a) and (b) show the Nyquist diagrams of the Ni/C and Ni-MgO/C electrodes in 1.0 mol/L NaOH at a potential of +0.45 V. In Nyquist plots, the imaginary impedance (Z`) is plotted against the real impedance (Z). The Nyquist plot of an impedance spectrum includes a semicircular portion and a linear portion. The semicircular portion at high frequency corresponds to the electron transfer limited process, and the linear portion at low frequency corresponds to the diffusion process. The diameter of the semicircle is equal to the charge transfer resistance at the electrode surface (Rct) [50] . Thus, the diameter of the semicircle is dependent on the current density; the diameter decreases with in- creasing current density. The lowest semicircle diameter was recorded at 40 mA/cm 2 . It can be seen from Fig. 9 (a) that a well-defined semicircle curve was obtained with the Ni/C catalyst. After the electrode was modified with MgO, the diameter of the semicircle decreased. This result may be ascribed to the larger surface area obtained for the Ni-MgO/C electrodes compared with that of the Ni/C electrodes, and the corresponding promoted electron transfer. The smallest semicircle was observed, suggesting that the presence of MgO decreased the resistance of the electrode and maintained a high electron transfer efficiency. It is worth mentioning that a low charge transfer resistance indicates a fast electron-transfer rate for an electrocatalyst and higher electrocatalytic activity [51] . Bode plots for the same samples are shown in Fig. 9(c) and (d) . One distinguishable peak was observed in the Bode plots, which corresponded to the depressed semicircle in the Nyquist plot. The equivalent circuit compatible with the Nyquist diagram is depicted in Fig. 9 (e). The equivalent circuit shows Rs, CPE, and Rct, which represent the solution resistance, a constant phase element corresponding to the double layer capacitance, and the charge-transfer resistance, respectively. Thales software provided with the Zahner Elektrik IM6 electrochemical workstation where the dispersion formula suitable to each model was used for the analysis [52] . To obtain a satisfactory impedance analysis, the capacitor C was replaced with a constant phase element (CPE) in the equivalent circuit. The most widely accepted explanation for the presence of CPE behavior and depressed semicircles for solid electrodes is the microscopic roughness causing an inhomogeneous distribution in the solution resistance as well as in the double-layer capacitance [53] .
The experimental values are correlated with the theoretical impedance parameters of the equivalent model in Table 4 . The impedance (ZCPE) of a constant phase element is defined as:
where −1≤ α ≤1, j = (−1) 1/2 , w = 2πf is the angular frequency in rad/s, f is the frequency in Hz = s −1 , and α is a fitting parameter which is an empirical exponent varying between 1 for a perfect capacitor and 0 for a perfect resistor. In this complex formula, the empirical exponent α is introduced to account for the deviation from the ideal capacitive behavior caused by surface heterogeneity, the roughness factor, and adsorption effects [51, 53] . In all cases, good agreement between theoretical and experimental data was obtained for the whole frequency range, with an average error of 2%. The estimated parameters are given in Tables 4 and 5 . The α values obtained from the fitting procedures for the Ni/C and Ni-MgO/C electrodes ranged between 0.65 and 0.85. This means that neither electrode behaved as a perfect capacitor. Figure 10 (a) and (b) show the Nyquist plots for Ni/C and Ni-MgO/C electrodes, respectively, prepared at the optimum deposition current density of 40 mA/cm 2 in 1.0 mol/L NaOH for methanol electrooxidation at different potentials in 1.0 mol/L methanol. Before recording each impedance spectrum at a preselected DC potential, the working electrode was first held at this potential for 300 s to equilibrate. The magnitude of the diameter of the semicircle was strongly related to the anode potential in the methanol oxidation region. The corresponding resistance decreased with increasing potential. The decrease can be ascribed to methanol electrooxidation, as expected from previous cyclic voltammetry studies [54] [55] [56] [57] . The Nyquist diagram consisted of two slightly depressed capacitive semicircles at high and low frequency. The depressed semicircle in the high frequency region may be related to the combination of the charge transfer resistance and the double layer capacitance. The low frequency semicircle was related to the adsorption of reaction intermediates on the electrode surface. A semicircle with a diameter dependent on the applied potential was ob- Table 4 Electrochemical impedance parameters of Ni/C and Ni−MgO/C electrocatalysts prepared at different deposition current densities in 1.0 mol/L NaOH solution. served. The diameter decreased as the potential was increased from 0.5-0.7 V, and consequently, the conductivity increased.
The equivalent circuit is presented in Fig. 10(c) , in which another parallel combination of CPEads and Rads and Warburg impedance has been added to the simple Randless cell. CPEads and Rads are the electrical elements related to the adsorption of the reaction intermediates, while the Warburg impedance is related to the diffusion of adsorbed intermediates toward active sites. In this circuit, the charge transfer resistance of the electrode reaction is the circuit element, which has a simple physical meaning describing how fast the rate of charge transfer during methanol electrooxidation changes with the electrode potential when the surface coverage of the intermediates is held constant. Increasing the potential was found to decrease the impedance of both electrodes. Meanwhile, the conductivity of the Ni-MgO/C electrode was remarkably higher than that of the Ni/C electrode, as seen from the Rads and Rct values in Tables 6 and 7. The electrooxidation of 1.0 mol/L ethanol on the two electrodes prepared at 40 mA/cm 2 exhibited similar features to that of methanol. The corresponding Nyquist plots are shown in Fig. 11(a) and (b) . The Ni-MgO/C electrode showed a much lower impedance than the Ni/C electrode. Because the charge transfer resistance (Rct) is inversely related to the charge transfer reaction kinetics, the ethanol oxidation reaction was expected to take place at a considerably higher rate. As shown in Fig. 11 , the diameter of the depressed arc decreased rapidly with the increase of anodic potential, indicating that the charge transfer resistance for ethanol electrooxidation became smaller. Analysis of the impedance data at different potentials showed evidence for two processes occurring at the interface: one is associated with the formation of intermediates on the surface during methanol or ethanol electrooxidation, and the other is assigned to the oxidation of these intermediates. The double layer capacitance (Cdl) values, shown in Tables 4-8 , were estimated using the following relation: CPE = Cdl n (Rs −1 Rct −1 ) 1−n (4) Eq. (4) is used to compute Cdl, when the CPE is coupled with the charge transfer process [58] . The electrode roughness (RF = observed Cdl/Cdl for the smooth surface) given in Tables 4-8 was estimated based on a Cdl of 20 µF/cm 2 for the smooth Ni surface [59] . The RF value for the Ni-MgO/C electrode was found to be greater than that for the Ni/C electrode (cf . Tables  4-8) , which was, in fact, expected from the SEM observations (cf. Fig. 3 ) and electrochemical impedance measurements. Thus, the observed enhanced electrocatalytic activity of the Ni-MgO/C electrode arose from the enhanced roughness of the dispersed Ni. The impedance results are comparable to the results obtained from the CVs of both electrodes for methanol and ethanol oxidation at different applied potentials.
Different mechanisms have been proposed in the literature for the oxidation of alcohols at nickel electrodes covered by sites. Ni 3+ species were used as the active surface for alcohol oxidation. A larger amount of Ni(III)/(II) species formed on the Ni-MgO/C electrode compared with on the Ni/C electrode (cf Figs. 5 and 6). Apparently, as the potential is increased, large amounts of Ni 3+ are formed on the electrode surface and react with intermediates to decrease their coverage, which also results in a higher number of active sites available for reactions (III) and (IV). This is clear from the impedance results (cf. Figs.  10 and 11) where, the diameter of the depressed arc of the Nyquist plots decreased rapidly as the anodic potential was increased, indicating that the charge transfer resistance for ethanol/methanol electrooxidation became smaller.
Conclusions
Ni-MgO/C electrodes were successfully prepared by a facile electrodeposition technique. Increasing the current density caused the rate of the co-deposition process to increase, and the optimum deposition current density was found to be 40 mA/cm 2 . Scanning electron microscopy analysis revealed that the presence of MgO particles in the deposit reduced the size of the Ni grains and resulted in refinement of the surface. The Ni-MgO/C electrodes exhibited a higher oxidation current density and efficiency towards methanol and ethanol electrooxidation compared with Ni/C electrodes. The results of EIS confirmed those of the CV measurements, and revealed a lower charge transfer resistance and enhanced roughness for the Ni-MgO/C nano-composite electrodes. Owing to their enhanced performance, facile synthesis, and low cost, these catalysts deserve closer attention as promising candidates for possible application as anode materials in alkaline fuel cells.
